Cell penetrating peptides have demonstrated potential to facilitate the cellular delivery of therapeutic molecules. Here we develop a set of 50 cell penetrating peptide based formulations with potential to deliver small interfering RNAs intracellularly. The transfection efficacy of siRNA containing lipid-like nanoparticles decorated with different peptides was evaluated both in vitro and in vivo and correlated with the peptide physical and chemical properties. In vitro, these particles were internalized primarily through macropinocytosis. When the peptides were presented to bone marrow-derived dendritic cells they induce low immunoactivation relative to control cell penetrating peptides including the antennapedia homeodomain and TAT, as quantified by the expression of activation specific surface proteins like CD80, CD86 and major histocompatibility complex class II. In vivo, peptide decorated nanoparticles primarily accumulated in the lungs and the liver. Three human peptides derived from surfactant protein B; a lung surfactant protein, orexin; a neuropeptide hormone and lactoferricin; a globular glycoprotein that exist in many physiological fluids, facilitated the in vivo delivery of siRNA and induce significant knock down (90%) of a hepatocyte expressed protein, coagulation Factor VII.
bacterial or viral proteins or they are synthetic model peptides. Typical physichochemical features that characterize such sequences are their high positive charge and amphiphilicity. 2, 3, 9 One family of therapeutics that cell penetrating peptides have been examined for use as delivery vehicles, is small interfering RNAs (siRNAs). [10] [11] [12] [13] siRNAs are oligonucleotides, 21-23 bases long, which utilize the endogenous RNA interference mechanism in order to cleave mRNAs and inhibit the translation of target proteins. 14 The success of siRNAs as therapeutics in the clinic requires the development of safe and effective delivery systems. 15 Our current knowledge of CPPs is focused on a limited number of sequences with cell penetrating properties, examples of which include poly-arginine or poly-lysine based peptides that contain a large number of arginines (R 6 -R 12 ) 16 or lysines (K 6 -K 12 ), 17 Tatbased peptides from the HIV-1 virus sequence (which are a combination of arginines and lysines), 18 Drosophila melanogaster antennapedia homeodomain peptide or "penetratin", 19 short amphipathic peptide Pep-1 marketed as "chariot peptide", 20 and the VP22 protein based peptide from herpes simplex virus. 21 Various modified, synthetic or hybrid versions of the CPPs like the MPG peptide which contains a hydrophobic domain derived from the fusion sequence of HIV glycoprotein 41 and a hydrophilic domain derived from the nuclear localization sequence of the SV40 T-antigen have also been investigated. 22 Most of the CPP sequences in use today are based on non-human proteins. Non-human protein sequences may be recognized by the immune system as non-self, leading to generation of anti-CPP (and anti-drug delivery vehicle) immune responses. 23 This problem is further complicated by the development of immunological memory against the CPP sequences (both B cell and T cell memory), which can lead to faster and more severe responses upon repeat dosing of the CPP based drug delivery vehicle. 23, 24 These complications could potentially be addressed through the development of humanized CPP sequences. Here we describe the development of humanized CPPs for use in drug delivery. A bioinspired systematic proteomic approach is applied to identify novel peptides that can fuse or attach to a plasma membrane, internalize, and escape from the endosomes in the cytoplasm. These peptides have been evaluated for their potential as cellular delivery agents, both in vitro and in vivo.
Results

Selection of Candidate Peptides
Initially we identified amino acid sequences from peptides or protein domains that reside or interact with cellular plasma membranes, such as transmembrane proteins. We primarily considered sequences derived from the human proteome, with diverse physichochemical and structural characteristics like charge, amphiphilicity, and tertiary structure ( Table 1) . We collected amino acid sequences and structural information from databases including the Orientation of Proteins in Membranes (OPM), 25 the PDBsum, 26 and the PDBTM. 27 Such databases provide information on the spatial positions of proteins with respect to the lipid membrane.
We picked 50 peptide sequences derived from 46 proteins that can associate with the plasma membrane; this selection contained enough diversity of physical and chemical properties to consider for the study. We considered only short peptide so that they could be synthesized using common solid phase synthesis techniques. We sampled the sequence space to ensure that these 50 sequences exhibit diverse physicochemical characteristics like different amino acid lengths, hydrophobicities, isoelectric points and thus have diverse structural characteristics like helix or sheet propensities (Table 1 ). In order to compare the activity of the novel peptides relatively to a commonly used CPP, we included the antennapedia homeodomain peptide (penetratin) 19 in the list of the peptides studied.
Peptide-siRNA and Nanoparticle Formulations
The peptides were conjugated to siRNA molecules in a 1:1 molar ratio using siRNA with a pyridyl disulfide group at the 3' sense strand, separated from the siRNA sequence with an 18 carbon atom spacer. The disulfide bond of the siRNA molecule was cleaved in a tris-(2carboxyethyl) phosphine (TCEP) resin exposing a free sulfhydryl and directly applied to the maleimide-peptide solution in dimethyl sulfoxide.
As building blocks for the nanoparticles we used a novel family of lipid-like materials, termed lipidoids. 28, 29 Lipidoid-based nanoparticles can encapsulate and deliver siRNA in vitro and in vivo depending on the selection of the lipid-like building blocks. 28, 29 The nanoparticles were formulated with four components 1) a lipidoid molecule, 2) cholesterol 3) a thiol modified lipid-polyethylene glycol (PEG) molecule (DSPE-PEG-SH), 4) siRNA. [29] [30] [31] [32] Initially the lipid molecule, cholesterol and PEG were dissolved in ethanol and added dropwise to a NaOAc acidic solution were electrostatic interactions drive the nanoparticle formation. After particle formation, siRNA added to the acidic solution was absorbed in the nanoparticles. Once the nanoparticles were loaded with siRNA the solution was dialyzed against DPBS to remove excess of materials and solvent. The peptides were covalently attached on the surface of the nanoparticles post-particle formation (Supplementary Figure 1B) . The peptides were synthesized containing a maleimide chemical group on their amine terminus with a small 8 carbon atom PEG linker between the maleimide and the peptide (Supplementary Figure 1A) . The PEG portion of the peptide increases the solubility of the hydrophobic peptides to aqueous solvents. Particle functionalization with thiols (using the DSPE-PEG-SH) on their external surface was necessary in order to achieve conjugation of the peptides on the surface of the nanoparticles post-particle formation.
Depending on their composition, nanoparticles created with lipidoids display variable activity in transfecting cells with siRNA without the presence of any ligands on their surface in vitro and in vivo. 28, 29 In order to examine the activity of multivalent conjugates of the novel peptides on the surface of nanoparticles in releasing their cargo in the cytoplasm, we utilized lipidoid materials that form stable nanoparticles and encapsulate high levels of siRNA but demonstrate lower efficiency in transfecting cells alone. Specifically we selected the lipidoid C12-117 (the structure of C12-117 is displayed in Supplementary Figure 2 ) as a building block for nanoparticles. 29 Nanoparticles composed of C12-117 do not exhibit any activity in transfecting cells with siRNA. 29 Conjugation of the peptides on the surface of the nanoparticles was performed post nanoparticle formation. The peptide solutions were added after the formation of the particles and the reaction of the maleimides with the PEG thiols was performed overnight at room temperature. The reactions were monitored with MALDI (Supplementary Figure 5 ). To quantify the degree of siRNA entrapment in the lipidoid nanoparticles, a modified Ribogreen assay was performed. 29 The entrapment efficacy was more than 80%. To monitor the stability of the formulations we quantified the size of the nanoparticles using a dynamic light scattering system (DLS). The diameter of the nanoparticles before peptide conjugation was 89.9 nm and the average diameter after peptide conjugation 96.3 nm ±5.5 nm (Supplementary Table 1 ). In two instances the peptide conjugation completely destabilized the particles and those peptides were not considered for further analysis. Finally we quantified the relative amount of peptide coverage on the surface of the nanoparticles. After conjugating fluorescein to the peptides and formulating the nanoparticles we quantified the amount of fluorescence emitted by the formulations relatively to the amount of fluorescence emitted if there was a complete surface coverage (Supplementary Materials and Methods). We estimated that the coverage ranged from 22% to 39% ( Supplementary Table 1 ).
In-vitro Silencing Activity and Endocytosis Mechanisms of the Peptide Decorated Nanoparticles
Initially we screened formulations' ability to transfect cells with siRNA in vitro using a dual luciferase expressing HeLa cell line. [29] [30] [31] Dual luciferase HeLa cells have been transformed to stably express firefly and renilla luciferase, both of which emit a different luminescent signal. When firefly luciferase siRNA is used, specific silencing induces reduction in only firefly luciferase, without affecting renilla luciferase levels. Reduced expression of renilla luciferase results from non-specific silencing typically associated with cytoxicity. The value of the firefly luciferase luminescent signal is scaled to the value of the renilla luciferase and this ratio corresponds to the knockdown of luciferase in viable cells. We consider formulations with renilla luciferase signal >75% relatively to untreated controls. We have chosen to use the particular cell line, as we have shown in previous studies in our lab, that HeLa cells is the optimal in vitro system for predicting the transfection efficacy of the lipidoid nanomaterials in vivo.
siRNA-peptide (1:1) conjugates or nanoparticles decorated with peptides were added to cells in culture. Cell culture supernatants were replaced with fresh medium 4 hours post addition of formulations. In both cases the medium contained 10% serum. Luminescence from cells was measured 3 days post addition of formulations to cells. Similarly to previous observations, the 1:1 siRNA to peptide formulations exhibit only modest delivery efficacy. The maximum knockdown was approximately 30% at the highest applied concentration of 500 ng of RNA per well, in 200 μl of cell medium or 2.5 μg/ml siRNA (0.5 μg/ml peptide) ( Figure 1A and Supplementary Figure 3 ). Given this result, we hypothesized that delivery would require additional functionality. At these concentrations with stoichiometric conjugation, the final siRNA concentration would have very low efficacy and be impractical.
Unlike the 1:1 siRNA to peptide formulations, the peptide decorated nanoparticles exhibited higher activity at similar siRNA concentrations ( Figure 1A ). When conjugated on the surface of nanoparticles, 10 peptides exhibited greater than 60% knockdown of luciferase expression in the dual HeLa cells ( Figure 1A ). Nanoparticles formulated with the C12-117 lipidoid alone have no activity in transfecting cells with siRNA ( Figure 1A ). The luciferase expression also followed a quantitative dose response at increasing dosages of peptidedecorated siRNA-containing nanoparticles ( Figure 1B and Supplementary Figure 4 ). The peptide conjugated nanoparticle which exhibited the strongest silencing of the luciferase expression was the lactoferricin peptide formulation. We utilized two lactoferricin peptides; a 25 amino acid peptide (FKCRRWQWRMKKLGAPSITCVRRAF) and a truncated 13 amino acid peptide (CRRWQWRMKKLGC). Lactoferricin is a peptide derived from lactoferrin, a secretory protein present in a variety of secretory fluids like milk and saliva. 33, 34 Both of these peptides induce 95% knockdown at 500 ng of RNA per well of nanoparticle formulations (2.5 μg/ml). Similar to lactoferricin, surfactant protein B a lung surfactant, 35 induced 86% knockdown of luciferase expression at 500 ng of siRNA per well. A number of peptides also showed 70% knockdown efficiency ( Figure 1A ). The lowest amount of siRNA complexed in nanoparticles tested 100 ng/well or 30 nM of siRNA, a typical concentration of the molecule tested in vitro, yielded a significant luciferase knockdown 60-70% for the top peptide hits.
The problem of the uptake of such formulations is a complex question. There is a more than 20 year ongoing debate on the pathways and mechanisms that cell penetrating peptides follow in order to get endocytosed. In addition, lipidoid nanoparticles by themselves also follow distinct endocytosis pathways. Thus the combination of cell penetrating peptides with lipidoid nanoparticles generates a very complex combinatorial problem that we have just started delineating. To elucidate the mechanisms of endocytosis we utilized inhibitors of endocytosis which include dynasore (inhibits dynamin dependent clathrin and caveolaemediated endocytosis), cytochalasin D (inhibits macropinocytosis) and geinstein (caveolae mediated endocytosis). [36] [37] [38] We incubated HeLa cells with Alexa 647 labeled nanoparticles decorated with CPPs in the presence of these inhibitors. Cells were then analyzed using an automated spinning disk confocal microscope. Interestingly cytochalasin-D appeared to concentrate the nanoparticles on the periphery of the cells independent of the CPPs attached to it. Dynasore or geinstein however did not appear to inhibit the nanoparticles uptake. Thus, macropinocytosis appears to be the predominant pathway for internalization of CPPnanoparticles. (Figure 2A ). These results also support previous reports that CPPs may induce macropinocytosis to gain entry inside cells. 39
Structure-Function Correlations
Most of the 50 peptides studied are positively charged though only a fraction of those were effective at delivering siRNA intracellularly when conjugated on the surface of nanoparticles ( Figure 1A ). We first investigated whether there was a specific spatial distribution of the positively or negatively charged amino acids within the peptide sequence relative to the hydrophobic residues. In order to study the distribution of the amino acids within the peptide sequence in the context of their tertiary structure we modeled their three dimensional structures using information from the Protein Data Bank. 40 For each structure we color coded charge and hydrophobicity information for each amino acid; with yellow we represented the hydrophobic, with red the positively charged and with green the negatively charged amino acids ( Figure 1B , 1C and 1D). We repeated the color coding on the 10 most active and the 10 least active peptides as measured in the HeLa luciferase assay. We observed that active peptides did not have any negatively charged amino acids in their sequences ( Figure 1B ). In the case of inactive peptides the inclusion of negatively charged amino acids in between the positively charged amino acids, even if the positive charges are in stoichiometric excess, seemed to disrupt their effectiveness ( Figure 1C ).
Next we calculated and visualized the electrostatic potential of the peptides and correlated it to the hydrophobicity patterns in their sequences. We solved the Poisson-Boltzmann equation 41 describing electrostatic interactions between molecular solutes in buffer solutions (Supplementary Materials and Methods). We display two examples describing the electrostatic potential of surfactant protein B and lactoferricin ( Figure 1D ) as isosurfaces for positive potential (red) and for negative (blue). In the case of the active peptides we observed that the positive charge clusters at specific locations within the tertiary structure of the peptide ( Figure 1D ). Although most of the peptides that were active are amphiphilic, amphiphilicity was not a requirement for the effectiveness; peptides like lactoferricin have a tertiary structure composed of a beta hairpin with positively charged amino acids in between antiparallel beta sheets. Those amino acids contributed similarly to what we have observed in all the examples creating a defined volume of positive charge relatively to a neutral volume where hydrophobic amino acids exist.
Immunostimulation, In vivo Biodistribution and Activity Studies
Ideally, a therapeutic delivery peptide should possess minimal immunostimulation; allowing for prolonged and repeated delivery of the drug without anti-peptide antibodies and associated immune responses. In order to evaluate the immunostimulation properties of the most potent peptides that we identified, we incubated different concentrations of the peptideformulations with mouse-derived bone marrow-derived dendritic cells (BMDCs) and quantified the expression of markers which correlate with activation of the cells in the presence of immunostimulating materials. 42 After incubating BDMCs for 18 hrs with 30 μg/ ml of the peptides derived from surfactant protein B, orexin and the lactoferricin protein in addition to two well established CPPs derived from the antennapedia homeodomain protein and TAT, we quantified the expression of activation specific markers including CD40, CD80, CD86 as well as the major histocompatibility complexes class I and II (MHC-I and MHC-II) on the surface of the peptideexposed CD11c + BDMCs using flow cytometry ( Figure 2B ). As a positive control we included lipopolysacharide (LPS). We calculated the geometric mean of the antigen expression distribution and scaled the data so that 100% is the activation induced by LPS. Among the 5 tested surface markers, CD80, CD86 and MHC-II were upregulated upon presentation of all the stimulatory peptides. Of the 5 tested peptides, lactoferricin derived short peptide caused the least cell activation ( Figure 2B ).
To evaluate the potential of these peptides for in vivo application we studied the biodistribution of nanoparticle formulations in C57BL/6 mice using two non-invasive in vivo imaging platforms; a fluorescent trans-illumination system tracking nanoparticles containing near infrared fluorophores 43 and an x-ray micro computed tomography system 44 for studying the biodistribution of nanoparticles containing x-ray contrast agents.
For the in vivo fluorescent imaging the lipidoid nanoparticles were formulated using a near infrared dye conjugated (Cy5.5) siRNA. Non-invasive tracking of siRNA-nanoparticles using this fluorescent dye is facile as there is little near infrared fluorescence contrast generated by most tissues thus minimizing tissue autofluorescence. 45 We studied nanoparticle formulations decorated with surfactant protein B, orexin and lactoferricin. Six hours post i.v. injection of nanoparticle formulations, at a concentration of 5 mg/kg, animals were imaged using an IVIS Spectrum imaging system ( Figure 3A) . Most of the formulations were localized in the liver and lungs of the animals. In order to verify the localization of the nanoparticles we dissected the animals post mortem and imaged them again using the IVIS system ( Figure 3A ).
Although Cy5.5 containing nanoparticles could provide evidence on the biodistribution of the formulations, we could not achieve detailed spatial representation of their localization. Furthermore, the fluorescent based technique did not allow us to quantify the amount of the nanoparticles localized in the liver. This was primarily attributed to the signal variability from batch to batch, or even due to different positioning of the animals in the imaging system. To circumvent such limitations inherent to fluorescent based measurements we utilized an x-ray based micro CT system that provided detailed quantification of the signal distribution. In order to utilize nanoparticle formulations we developed a bioconjugate molecule that contains iodines and can be used as a contrast agent for nanoparticle based microtomography applications. We utilized a human thyroid hormone, thyroxine, 46 which contains 4 iodine atoms as well as a primary amine that was used as conjugation point to siRNA molecules (Supplementary Figure 1B) .
We injected peptide decorated nanoparticles nanoparticles containing the thyroxine conjugated siRNA (20 mg/kg) and imaged the animals using a GE Healthcare eXplore Locus micro CT system 6 hours post injection. We then process the 3D imaged from the micro CT. Initially we selected within the animal a region of interest with similar volume and same anatomical location among different samples. For all the animals we considered the same liver region that spans in the left lateral lobe of the tissue, below the heart following the diaphragm, keeping the volume of interest the same. We then averaged the intensity data using a sampling volume of 3x3x3 voxels to reduce the background signal noise, quantified the distribution of the signal intensity from the siRNA conjugated contrast agent and fitted the data to a Gaussian distribution. We utilized the center of the signal intensity distribution as a metric for accumulation; the higher the value the more intense the signal from the tissue. In the control case where we injected nanoparticles without any contrast agent conjugated siRNA the center of the Gaussian distribution of the signal intensity is close to zero. Nanoparticles containing siRNA-conjugated lactoferricin demonstrated highest signal, meaning the highest among the samples accumulation in the liver, over 60%, as quantified using the center of the intensity Gaussian distribution ( Figure  3C and D). Formulations with other peptides like surfactant protein B and orexin also exhibited high signal intensities relative to the control (particles with no peptides on their surface).
Having established that the nanoparticle formulations primarily accumulate in the liver, we further examined the potency of the formulations at silencing a liver specific protein. As a target for silencing we selected Factor VII, one of the clotting factors that participate in the coagulation cascade. Factor VII is produced solely by the liver and has the shortest half-life of all the circulating coagulation factors thus provides a robust indicator for the effectiveness of the formulations. We formulated peptide decorated nanoparticles with Factor VII-specific siRNA and delivered the formulations to mice via tail vein injection. For each formulation we injected 5 mice at 2 different siRNA concentrations; 1 mg/kg and 5 mg/kg. Three days post-injection we collected blood from the animals and quantified the amounts of circulating Factor VII using a chromogenic enzyme-linked immunosorbent assay (ELISA). We tested surfactant protein B, orexin and lactoferricin. Out of the 3 peptides the one that exhibited the highest potency at reducing the expression of Factor VII, by up to 80% at 5 mg/kg, was lactoferricin ( Figure 3E ). At the same concentration surfactant protein B and orexin reduced the Factor VII expression by 50% and 70% respectively. Scrambled control sequences of the aforementioned peptides (Surfactant Protein B: MLRIAIRAWLCIPQCK, Orexin: LRGYEGHRCGILALLDLACTKHANCLPCTQPS, Lactoferricin: KRCRGWRQKMCLW) did not exhibit any activity in decreasing Factor VII expression ( Figure 3E ). Furthermore a C12-227 lipidoid formulation containing only Factor VII siRNA without any peptide conjugates has been shown not to exhibit any in vivo transfection efficacy. 29 The weight of the animals remained the same throughout the experiment indicating low systemic toxicity of the formulations. Interestingly the nanoparticle efficacy followed the biodistribution trend as quantified with the contrast agent conjugated siRNA using the micro CT analysis. Presumably such analysis can be used for predicting the efficacy of in vivo formulations.
Conclusions
Membrane associated proteins have evolved to associate with cellular plasma membranes. Other proteins, including some of bacterial or viral origin, can transverse the plasma membrane and enable the host to enter the target cell. Within these protein sequences, small peptide fragments are responsible for such activity. 12 In our study, we sought to develop protein fragments for intracellular deliver of small interfering RNAs. Although for the last 30 years there have been many examples of utilizing such protein fragments, called cell penetrating or transduction domain peptides for intracellular delivery, [1] [2] [3] 9 to our knowledge there has been no systematic examination of the human proteome for new sequences that exhibit such properties.
With the goal of identifying new cell penetrating peptides, we sampled the membrane associated protein sequence proteome and extracted the amino acid sequences responsible for the membrane attachment. We synthesized these sequences, as short peptides, with modifications to allow the chemoselective attachment to siRNA or facilitate the conjugation on the surface of nanoparticles that contain siRNA and tested the activity of the formulations in transfecting cells in vitro and in vivo. To identify the internalization mechanisms of these constructs, we investigated the involvement of various endocytosis pathways including: dynamin-mediated, clathrin-mediated, caveolae-mediated endocytosis and macropinocytosis. We observed that nanoparticle formulations that contain the peptides decorated on the surface of the particles primarily follow macropinocytosis routes.
Common properties among the already known cell penetrating peptides are their high positive charge and amphiphilicity which creates a propensity for the peptides to attach on a lipid membrane. In order to understand the effects of charge and amphiphilicity on peptide function we correlated the patterns of those two properties within the amino acid sequences with the peptide activity. Within the sequences of the active peptides the positively charged amino acids create a surface of positive electrostatic potential though allowing the existence of the hydrophobic amino acids in an electrostatically neutral zone. Furthermore the positively charged are usually clustered around the hydrophobic residues and no negatively charged amino acids disrupt this sequence ( Figure 1C ). Furthermore peptide decorated nanoparticles exhibited low immunostimulatory properties relatively to established CPPs like antennapedia homeodomain and TAT ( Figure 2B) . Given the potency of the peptide decorated nanoparticles in transfecting cells in vitro and their low immunostimulatory effects, we tested the activity of such formulations in vivo. First we created near-infrared fluorescent and x-ray contrast bioconjugates of the siRNA molecules in order to formulate and monitor the biodistribution of the nanoparticles in different tissues in real time. Following intravenous injection, the nanoparticles primarily accumulated in the lungs and liver (Figure 3 ). Later we tested the activity of the nanoparticle formulations in reducing the expression of a hepatocyte synthesized protein, Factor VII. Three human peptide formulations exhibited significant activity at reducing the expression of Factor VII; surfactant protein B -a lung surfactant protein, orexin -a neuropeptide hormone and lactoferricin -a globular glycoprotein that exists in many physiological fluids. At 5 mg/kg the peptide decorated nanoparticles significantly reduced the expression of Factor VII 90% for the lactoferricin and 80% for the orexin derived peptide ( Figure 3E ). Furthermore the effectiveness of the nanoparticles at knocking down FVII was consistent with the biodistribution profile as quantified with micro CT image analysis (Figure 3 ).
Materials and Methods
Peptide-siRNA and Nanoparticle Formulations
The peptides were synthesized using solid phase synthesis methods at the Biopolymers Core Facility in the Koch Institute for Integrative Cancer research at MIT. The peptides were initially conjugated to siRNA molecules in a 1:1 molar ratio by utilizing a pyridyl disulfide group at the 3' sense strand of the siRNA, with an 18 carbon atom spacer in between. The disulfide bond of the siRNA molecule was cleaved in a tris-(2-carboxyethyl) phosphine (TCEP) resin (Pierce/Thermo Scientific, Rockford, IL) and directly applied to the peptide solution in dimethyl sulfoxide. The nanoparticles were formulated with C12-117 lipidoid, cholesterol (MW 387, Sigma-Aldrich, St. Louis, MO) and a thiol modified lipid-PEG, DSPE-PEG-thiol from Nanocs (PEG MW 2000 and MW 3400, Boston, MA). For the in vivo formulations we used PEG MW 3400 Da. Stock solutions of lipidoid, cholesterol, and PEG were created in 200 proof ethanol at 100, 20, and 100 mg/mL concentrations, respectively. Components were combined to yield weight fractions of 52:20:28. Ethanol mixture was then added dropwise to 200 mM sodium acetate buffer (pH 5) (Sigma-Aldrich, St. Louis, MO) while stirring to spontaneously form empty liposomes. siRNA at a concentration of 10 mg/ mL in 50 mM sodium acetate was added to empty lipidoid nanoparticles at a weight ratio of 10:1 total lipids:siRNA. The peptide solutions were added after the formation of the particles and the reaction of the maleimides with the thiols was performed in DPBS overnight at room temperature. For the conjugation reaction we utilized a 5 fold molar excess of the peptide relative to the PEG molecules (detailed description in Supplementary Materials and Methods).
In Vitro siRNA Transfection Assay
HeLa cells expressing Firefly and Renilla luciferase were seeded in an opaque white 96-well plate (Corning-Costar, Corning, NY) in 15,000 cells/well density. Cells were incubated with 100, 300 and 500 ng of siRNA/well either at 1:1 peptide:siRNA conjugates or in nanoparticle formulations for 3 days at 37 °C in a 5% CO 2 tissue incubator. The Firefly and Renilla luciferase activity was quantified using the Dual-Glo Luciferase Assay System (Promega, Madison, WI) using the manufacturer's instructions (detailed description in Supplementary Materials and Methods).
High throughput confocal microscopy
HeLa cells were seeded at 15,000 cells per well in black 96-well plates (Greiner Bio One, Stonehouse, UK). Cells were pre-incubated for 1 hr in the presence of either dynasore (100μM), cytochalasin D (10 μM) and geinstein (50 μM). Nanoparticles decorated with CPPs were exposed to the cells in the presence or absence of these endocytic inhibitors for 1 hour. The cells were washed, fixed in 4% paraformaldehyde and counterstained counterstained in PBS containing Hoescht (2 μg/ml) for nuclei identification (Invitrogen/ Life Technologies, Grand Island, NY). Imaging was performed with an OPERA automated spinning disk confocal microscope (Perkin Elmer, Waltham, MA) with a 40X objective. The same defined pattern of 20 fields from each well was acquired to eliminate bias and provide a statistically significant number of cells for analysis. A representative image from each treatment is presented.
Peptide immunostimulatory Studies
Recombinant murine Granulocyte/Macrophage Colony-Stimulating Factor (GM-CSF) was purchased from Peprotech (Rocky Hill, NJ). CD11c-FITC, purified CD16/32, CD40-APC, CD80-APC, CD86-APC, MHCI-APC, MHCII-APC antibodies were purchased from Biolegend (San Diego, CA). Bone marrow cells, flushed from femur and tibia of C57BL/6 female mice were treated with ACK lysing buffer, washed twice, and cultured in 6-well plated in 4 mL of RPMI supplemented with 10% heat inactivated FBS, 2-mercaptoethanol, 1% Pen/strep, gentamicin and 40 ng/mL GM-CSF. On day 6, BMDCs were harvested and transferred to a 12-well plate. Aliquots of peptide solutions (20 μl) with the corresponding peptide concentration were added, and cells were mixed by pipetting. Plates were incubated at 37 °C and 5% CO2 for 18 hrs, after which the cells were centrifuged, washed and incubated with antibodies (CD11c-FITC, purified CD16/32 and CD40-APC, CD80-APC, CD86-APC, MHCI-APC or MHCII-APC) in 50 μL of FACS buffer (PBS supplemeted with 4% FBS and 0.2% sodium azide) for 20 min at 4°C. Cells were washed twice and analyzed by flow cytometry.
In Vivo Fluorescence Imaging
For the in vivo fluorescence imaging studies we used Cy5.5-labeled siRNA (Alnylam, Cambridge, MA) to formulate the nanoparticles. Female SKH1 hairless mice were injected via the tail vein with either PBS (negative control) or Cy5.5-labeled siRNA containing nanoparticles. Imaging was performed 2 hours post particle delivery, with an IVIS Spectrum system (PerkinElmer, Waltham, MA). Excitation and emission wavelengths used for Cy5.5 imaging on the IVIS were 675 nm and 694 nm, respectively.
In Vivo Micro Computed Tomography
Human thyroxine (Sigma-Aldrich, St. Louis, MO) was conjugated to siRNA molecules in a 1:1 molar ratio. Thyroxine, contains 4 iodine atoms as well as a primary amine and a carboxylic acid. A hetero-bifunctional crosslinker N-[γ-maleimido butyryloxy] succinimide ester (GMBS) (Pierce/Thermo Scientific, Rockford, IL) that contains an N-hydroxysuccinimide ester (NHS) and a maleimide reacted with thyroxine's primary amine in the presence of triethylamine in DPBS containing 5mM EDTA as a conjugation buffer. For this conjugation we used 10:1:1 molar ratio of GMBS, thyroxine and triethylamine respectively following the manufacturer's instructions.
To perform micro CT imaging studies we used an eXplore CT120-whole mouse MicroCT (GE Healthcare, Woburn, MA) in the Applied Therapeutics and Whole Animal Imaging Core facility at Koch Institute at MIT. The animal were injected the nanoparticle formulations at 20mg/kg of thyroxine conjugated siRNA and 2 hours post injection they were imaged. 220 projection images were acquired over a rotation of 192° with an exposure time of 48 ms at 70 kVp and 32 mA. The images were reconstructed with MicroView (GE Healthcare, Woburn, MA) and post image processing was performed (detailed description in Supplementary Materials and Methods).
In Vivo Factor VII Silencing
C57BL/6 mice (Charles River Labs, Wilmington, MA) were used for in vivo siRNA silencing experiments. Factor VII 2'-O-methyl sugar modified siRNA (Alnylam, Cambridge, MA) was used to prevent activation of the Toll-like receptor 7 immune response and confer enzymatic degradation of the siRNA in vivo. Peptide decorated nanoparticles were formulated using the aforementioned protocol using the 2'-Omethyl sugar modified Factor VII siRNA. 3 days post injection the animals were sacrificed and blood was collected via cardiac puncture in K 2 EDTA vacuum blood collection serum tube (BD, Franklin Lakes, NJ). Serum levels of Factor VII were analyzed using a Biophen FVII assay kit (Aniara, Mason, OH) (detailed description in Supplementary Materials and Methods). The electrostatic potential is visualized as isosurfaces at +1kT/e for positive potential (red) and −1kT/e for negative (blue). Hydrophobic amino acids are represented with orange color while the positively charged with red and the negatively charged with green. In the case of the inactive peptides negatively charged amino acids disrupt the sequence of positively charged residues. For example the peptides derived from aurein 1.2 47 , and amphipathic peptide 18a 48 (top and bottom). In the case of active peptides the positively charged amino acids cluster thus creating a surface of positive electrostatic potential that covers almost half of the volume around the peptide allowing the hydrophobic residues to reside in a neutral surface. For example the peptides derived from surfactant protein B 49 (top) and lactoferricin 50 (bottom) are positively charged and only the former is amphiphilic. Endocytosis mechanistic studies of the peptide decorated nanoparticles and immunostimulation of the peptides to mouse derived dendritic cells. (A) We administered nanoparticle formulations in combination with various endocytosis inhibitors and studied the alteration in their endocytosis patterns. Such inhibitors included dynasore a dynamin inhibitor affecting clathrin mediated endocytosis, cytochalasin D that inhibits actin polymerization thus affecting receptor mediated endocytosis and genistein that inhibits caveolae-mediated endocytosis. (B) Purified bone marrow derived dendritic cells were exposed to 30 μg/ml of peptide solutions for 3 days. The expression of dendritic cell activation markers including CD40, CD80, CD86, MHC class I and II was quantified with FACS. Primarily CD80, CD86 and MHC class II were upregulated. The plot contains 2 peaks of cells given that all of the cells considered do not contain the surface markers studied. The expression (as quantified by the geometric mean of the expression curves) of these 3 markers on the cells is scaled as 100% representing the expression induced by LPS treatment and 0% the PBS treatment and plotted the results as a heatmap. The short lactoferricin derived peptide exhibited the least activation of the dendritic cells relatively to well established CPPs like the antenappedia homeodomain and TAT. In (A) we utilized a near infrared dye (Cy5.5) conjugated siRNA to formulate the nanoparticles and delivered them via tail vein injection. The animals were imaged with an IVIS Spectrum imaging system 6 hours post injection. The nanoparticles are primarily accumulated in the lungs and livers of the animals. In (B) we conjugated the siRNA to an iodine containing hormone, thyroxine, and injected the formulations via tail vain. We imaged the animals using a micro CT system. In order to quantify the relative amounts of each formulation we considered as a region of interest the left lobe of the liver below the heart after the diaphragm (indicated using grey cube in the figure). (C) Image intensity quantified after averaging the intensity in a 3x3x3 voxel volume and fitted to a Gaussian distribution. (D) We utilized the characteristics of the distributions, like the center and the variance of the distribution, in order to compare the nanoparticle accumulation in the tissue. In an example of three variants of decorated nanoparticles with surfactant protein B, orexin and lactoferricin peptides, the latter exhibited the highest accumulation in the liver with the other two also exhibiting high accumulation. (E) Mice
